PERSPECTIVES tion, has been known for nearly two decades (2). The light takes the form of odd harmonics -that is, odd multiples of the driving laser frequency. Harmonic frequencies greater than 100 times the laser frequency have been observed in a single spectrum. This extreme phenomenon was not predicted before its initial observation, and it seems to lie outside the reach of conventional nonlinear optics, the theory that predicts parametric processes such as second-or thirdharmonic generation in light interacting with atoms and molecules. Yet HHG has an elegant and simple physical explanation, based in part on classical physics (3). HHG occurs when an intense laser field pulls an electron away from the molecule in a fraction of one optical cycle, and then sends the electron crashing back into the molecule when the field reverses on the next half-cycle (see the figure) . The energy dissipated in the crash of each electron is converted into a single photon of radiation. The HHG spectrum is the forward-directed portion of this light collected from all of the molecules illuminated by the laser.
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The research reported by Baker et al. takes these ideas one step further. The authors note that according to this classical model, the energy of the photon must be tied to the kinetic energy of the electron that made it, which depends in turn on the precise time that the electron was pulled away from the molecule and the time that it returned. For example, electrons that leave the molecule at the very peak of the oscillating laser electric field take the longest time to return, and the field has slowed them nearly to a stop when they do. Electrons that leave the atoms a bit later will not go as far before turning back, and they return with some excess energy that can be put into a high-harmonic photon. The later an electron leaves in a field cycle, the shorter the duration of its journey, and the higher its energy upon return.
An electron that leaves the molecule about 1/20th of a cycle after the peak (18 degrees of phase) has the highest energy possible when it returns-about three times the average wiggle energy of an electron in the laser field. Electrons that leave still later in the cycle have even shorter total trajectories but return with less than the maximum energy. These "short-trajectory" harmonics were the ones used by the authors to view the just-ionized molecule. The lowest energy part of the spectrum shows the condition of the molecule at the earliest times after the ionization event, and the highest energy part shows longer times. But the total time interval covered by the entire spectral record is extremely short-about a femtosecond.
How should one interpret this spectrum to get any meaningful information, let alone a snapshot image of the molecule? Here the research team deftly switches back to quantum theory for a clue. The returning electron doesn't have to convert its energy to a photon when it crashes back into its home port. It could just as easily scatter from the molecule and careen into another direction from which it never returns. The odds of producing an HHG photon depend on whether the shape of the quantum wave function of the target molecular ion matches the space the neutral molecule needs to occupy when the electron comes back to rest. If the shapes don't match, the electron is likely to just bounce off. This quantum correlation between the ion and the neutral molecule is therefore reflected in the amplitude of the HHG spectrum. More HHG signal at a particular photon energy means a better match at that time. This is not much information, to be sure, but it is just enough to provide important clues used to reconstruct the motion of the molecule in the first femtosecond after ionization. Baker et al. report measurements of this motion in hydrogen molecules and in methane ionized by a laser pulse consisting of only a few optical cycles.
Competing effects influence HHG, such as the spatial arrangement of the atoms in the molecule, or the tendency of the molecule to distort under the influence of the laser field even before the moment of electron release. These phenomena also alter the HHG spectrum and could confuse the analysis (4). The most important limitation of the new technique is the very short time interval involved. Only the lightest atoms in a molecule move far enough to detect motion over one femtosecond. But hydrogen, the lightest atom, is the critical actor in much photochemistry, and its motion is considerable even over these short times. Furthermore, the continued improvement of ultrafast lasers is leading to infrared sources with longer wavelength and longer cycle periods, and this technique could be extended to longer times in this way. F or many years, the high-power-laser community has been pursuing the goal of producing miniaturized particle accelerators. Limitations of conventional technology mean that kilometer-sized accelerators are required for high-energy physics research (see the bottom figure). Similarly, major installations are required for medical applications such as particle beam treatment of tumors, which excludes all but the largest research hospitals. By contrast, laser-plasma-based techniques can support accelerating electric fields at least four orders of magnitude larger than those of conventional techniques, leading to the hope that particle accelerators could one day become a commonplace tool.
Although the goal is attractive, these plasma schemes have, until recently, suffered from many shortcomings, such as poorly controlled particle energy, high divergence, and low luminosity. A host of results in the past year has provided renewed impetus, with demonstrations of quasi monochromatic, high-brightness beams in the multi-MeV energy range. Now, Toncian et al. (1) at the University of Düsseldorf have demonstrated an imaginative technique for tunable energy selection and focusing of proton beams in the multi-MeV energy range. As reported on page 410 of this issue, they show that the use of a simple capillary lens can lead to dramatic results.
Lens arrangements for proton beams are not new; but until now, there has not been a way to focus picosecond-time-scale beams with currents that are orders of magnitude higher than those of conventional beams and that require focusing over micrometer spatial scales. In the system developed by Toncian et al., a proton beam is created by irradiating a metal foil with laser pulses, and the protons are focused by the electric fields created inside a small cylinder that is irradiated on the side by a second laser (see the top figure). This new idea provides a simple tool to exploit the dramatic advances in laser-driven hadron acceleration seen over recent years.
It is easy to imagine the breadth of science disciplines that would benefit from a new generation of miniature accelerators. Potential applications include the imaging and treatment of cancerous cells, offering scale reductions and far simpler beam orientation compared with conventional cyclotrons. Nearer term applica-www.sciencemag.org SCIENCE VOL 312 21 APRIL 2006 PERSPECTIVES tions involve the use of these ultrashort proton beams to heat matter isochorically (that is, at constant density) to produce extreme thermodynamic states of interest for fundamental atomic physics studies, laboratory astrophysics, and the fast-ignition approach to fusion energy production (2) . Similarly, such beams have recently been used as a unique probe of electromagnetic field structures in relativistic plasma physics studies (3) . The technique demonstrated by Toncian et al. provides researchers with the means to control these emerging sources to an unprecedented degree.
Laser acceleration of protons occurs as a result of the extremely high electric field gradients created on either the front or rear surface of thin foils illuminated by subpicosecond laser pulses, whose focused intensities exceed 10 18 W cm -2 . The laser ionizes and subsequently accelerates electrons to relativistic velocities. These are confined to form a beam by the azimuthal magnetic field created in the interaction. The ensuing charge separation sets up the electric field to accelerate the proton or ion species in the foil, with an overall energy efficiency between 1 and 10%. Although such laser intensities are incredibly high, they are now routinely produced at high repetition rate on table-top-sized systems. This reflects the dramatic progress seen in laser technology, where an order-of-magnitude increase in peak laser power has been achieved roughly every 3 years.
Over the past few months, we have seen very encouraging experimental results on the production of quasi mono-energetic proton beams in the MeV range (4), narrow-band ion acceleration (5), and a study of the scaling of proton energy with laser parameters (6) . This builds on similarly dramatic results with laserdriven electron beams that were reported 18 months ago (7-9). The results reported by Toncian et al. now provide a method for simple control of laser-produced particle beams without having to rely on access to specific plasma physics regimes that are still only partially understood. This should allow greater deployment of controlled particle-beam sources over the near term, at least within the laser research community. This will likely lead to a wealth of new studies using the beams as unique probes and localized heating sources.
Such rapid progress demonstrates that laserdriven systems may indeed be able to move from a scientific curiosity to real-world applications in due course. Caution is needed, however, in extrapolating current results to potential applications. Plasma physics has a long history of throwing unwanted surprises at its practitioners, and most of the applications require a level of stability and reproducibility that is a long way from having been demonstrated. Much research across a broad front is still required, but it is now time to start to link this work to the analyses of how such techniques may be developed into reliable systems. 
T he crystallization of matter on any length scale, from atoms and ions to biomolecules to nano-and microparticles, has long been a major thrust in science and technology. On page 420 of this issue, Kalsin et al. (1) report the cocrystallization of equally sized metallic nanoparticles into large crystals with diamond-like symmetry. The oppositely charged gold and silver nanoparticles attract each other at very short distances and assemble into unusual lattices. This work provides new insights into crystallization on the nanoscale, and fills in a gap in the overall picture of particle and biomolecule crystallization.
It has been known for decades that micrometer-and submicrometer-sized spheres suspended in liquids readily form "colloidal crystals" during sedimentation or drying. The spheres crystallize when their free volume is restricted below a certain threshold, but this occurs only when the interactions between the spheres are repulsive, which allows their rearrangement. Such closely packed crystals allow facile fabrication of materials with controlled porosity and long-range organization (2). Volume-restricted repulsive spheres, however, always crystallize in a trivial lattice of hexagonally close-packed layers. This limits the range of their application as other types of crystal symmetries are required for photonic, optoelectronic, and memory storage applications.
The formation of colloid crystals with other symmetries can, in principle, be achieved if the particles are assembled by attractive interactions. Two seemingly simple ideas for crystallization by particle attraction have been considered, yet they have proven notoriously difficult to realize experimentally. The first idea is to use binary mixtures of oppositely charged particles that could cocrystallize in a manner broadly similar to crystallization of ionic salts from liquid solutions. The problem with this system is that strongly attractive particles rapidly and irreversibly stick to each other, forming gel-like aggregates. Only recently have Leunissen et al. designed a procedure whereby micrometersized colloidal spheres having small positive or negative charges are synthesized and cocrystallized in density-matched organic liquids (3). The particles, whose attractive interaction energies are estimated to be on the order of a few k B T units (where k B is Boltzmann's constant and T is temperature), come together in mixed CsCltype lattices of alternating positive and negative charges. A variety of crystals of other symmetries and particle compositions have been assembled, and the method could be versatile enough to be used in the routine synthesis of ionic colloidal crystals.
A second idea for particle crystallization by attractive interactions that has also proven difficult to realize is the crystallization of particles by functionalizing them with complementary DNA strands. DNA hybridization locks the particles together when they come into contact; however, the strong irreversible "snapping" into place does not allow crystallization. The key to making this idea work has been to reduce the strength of the interactions by adjusting the temperature of the suspension very near the melting point of DNA, where hybridization is weak and reversible (4). Thus, colloidal crystallization may be achieved by various attractive forces, but only when the interaction energy is precisely adjusted within a certain small range (see the figure) .
Systems of nanoparticles 1 to 10 nm in size provide a natural link between the areas of molecular and colloidal crystallization. Crystals from such particles can find applications in nanoelectronics, plasmonics, high-density data storage, catalysis, and biomedical materials. The formation of binary crystals from nanoparticle mixtures as a likely result of cocrystallization under restricted volume conditions was reported some time ago (5) . Only recently has the role of electrostatics in the formation of nanoparticle crystals emerged as a parameter that can be controlled in order to assemble various crystals of new symmetry and composition (6) . The report by Kalsin et al. conclusively proves that large crystals can be produced by controlled electrostatic self-assembly. The crystallization has been achieved by precise adjustment of the attraction between the oppositely charged nanoparticles, but the data also point to the existence of unusual effects of electrostatic screening of the larger particles by the smaller ones that do not scale up to interactions between microspheres.
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In particular, it will be important to strike an appropriate balance between the basic research needed to progress these ideas and the required industrialization of the techniques. As an example of this balance, European researchers have just been granted funds from the European Union to pursue the development of laser-driven electron accelerators into the GeV energy regime, with a view to creating reproducible monochromatic beams. Alongside this, a demonstration proton oncology laser system known as "ProPulse" is being pursued by a team led by the Laboratoire d'Optique Appliquée (LOA) in France, with the goal of raising the energy of the proton beam to the required 70-to 250-MeV level. These two ambitious projects will help demonstrate whether laser acceleration of particles is a viable route for fundamental physics studies and clinical applications.
Looking further into the future, an exciting new proposal is being developed by a consortium of researchers led by Mourou (at the LOA) for ultrarelativistic particle beam lines based on exawatt-class laser technology. This project, known as Extreme Light Infrastructure, is currently under consideration as part of the European Research Infrastructure roadmap process (10) . Its goal is to provide multiple accelerator beam lines delivering high-brightness electron, gamma, and proton sources for a wide range of user applications.
It is clear that we are still a number of years away from exploitation of these laser-driven accelerators, but this should not detract from the major advances demonstrated over the past few months. Unprecedented research attention is being paid to this area, which is already paying dividends as demonstrated by the innovative techniques reported here. This is definitely a field to watch.
